The mechanistic target of rapamycin kinase complex 1 (MTORC1) is a central cellular kinase that integrates major signaling pathways, allowing for regulation of anabolic and catabolic processes including macroautophagy/autophagy and lysosomal biogenesis. Essential to these processes is the regulatory activity of TFEB (transcription factor EB). In a regulatory feedback loop modulating transcriptional levels of RRAG/Rag GTPases, TFEB controls MTORC1 tethering to membranes and induction of anabolic processes upon nutrient replenishment. We now show that TFEB promotes expression of endocytic genes and increases rates of cellular endocytosis during homeostatic baseline and starvation conditions. TFEB-mediated endocytosis drives assembly of the MTORC1-containing nutrient sensing complex through the formation of endosomes that carry the associated proteins RRAGD, the amino acid transporter SLC38A9, and activate AKT/protein kinase B (AKT p-T308). TFEB-induced signaling endosomes en route to lysosomes are induced by amino acid starvation and are required to dissociate TSC2, re-tether and activate MTORC1 on endolysosomal membranes. This study characterizes TFEBmediated endocytosis as a critical process leading to activation of MTORC1 and autophagic function, thus identifying the importance of the dynamic endolysosomal system in cellular clearance.
RESULTS

Figure 2: Overexpression of TFEB induces the formation of signaling endosomes to assemble the LYNUS complex.
(A) HEK293T cells transfected either with control scrambled or TFEB-specific siRNA were starved of amino acids for up to 6 h and used in endosomal fractionation assays. All cells were exposed to the same concentration of dialyzed FBS to allow for growth factor signaling. Input shown on the left indicates that equal protein amounts were used in fractionation assays (shown on the right). Starved cells showed an increased quantity of LAMP1-and RAB5-positive organelles, endosomal phospho-AKT (p-Thr308), the MTORC1 tethering molecule RRAGD, and MTOR itself, while TSC2 was strongly reduced in denser lysosomal fractions. This starvation-induced effect was not observed in TFEB-depleted cells (TFEB siRNAlabeled lanes). Bar graphs present quantification of protein levels in input and indicated fractions. (B) TFEB-overexpressing (OE) HEK293T cells used in identical fractionation assays mimicked long-term starvation conditions showing accumulation of organelles positive for LAMP1, RAB5, p-AKT, RRAGD, and MTOR, while being deficient in TSC2. Bar graphs represent protein levels in input and fractions. (C) Overexpression of TFEB induced the formation of AKT-PH-GFP-positive endosomes in NIH-3T3 fibroblasts. The otherwise plasma membrane-bound or cytoplasmic bioprobe AKT-PH-GFP relocalized to RAB5-positive endosomes in TFEBoverexpressing fibroblasts (yellow arrowheads), indicating an increase in PtdIns(3,4,5)P3 levels and activation of AKT. Bar graph represents a quantitative evaluation of AKT-PH-GFP colocalization with RAB5. Scale bar: 10 μm.
Figure 1. Overexpression of TFEB stimulates cellular endocytosis. (A)
Venn diagram illustrating the relationship between 623 endocytic genes with 46 endocytic genes directly bound by TFEB (ChIP-seq analysis on stable TFEB-FLAG HeLa cells) and 35 TFEB-upregulated endocytic genes (microarray analysis on TFEB-GFP HeLa cells compared to WT HeLa controls), identifying putative genes of interest regulating the endocytic process. (B) Flag-TFEB-expressing cells showed a significant increase in the levels of EEA1-positive endosomes as compared to untransfected, neighboring cells. (C and D) HEK293T cells transiently overexpressing TFEBS211A showed increased CAV2 and CLTA/B protein levels. (E) Overexpression of TFEB-GFP increased the number of dextran-tetramethylrhodamine (dextran-TMR)-positive puncta indicating increased rates of endocytosis, panels on the right show magnifications of the outlined areas in merged images. (F) In dextran-TMR uptake assays for cellular endocytosis, TFEB-deficient HEK293T cells show a lower rate of uptake compared to control cells, in both fed and 2-h amino acid-starved conditions. Data are represented as mean ± SEM, n = 3, *p ≤ 0.05; **p ≤ 0.01; ANOVA, Scale bar: 10 μm. ACTB is used as loading control. (A-C) Pharmacological inhibition of DNM GTPase with dynasore under fed conditions disperses MTORC1 into the cytosol while TSC2, the negative regulator of MTORC1, relocalizes to lysosomes. NIH-3T3 fibroblasts were treated with 80 μM of dynasore for 4 h followed by colocalization analyses of MTOR or TSC2 with the lysosomal LAMP2 protein. The bar graph in (C) represents a quantitative evaluation of lysosomal MTORC1 or TSC2 shown in (A and B). Scale bars: 10 μm. (D) Dynasore treatment inhibits MTORC1 activity under fed conditions and has no significant effect on relative p-AKT (Thr308) protein levels. NIH-3T3 fibroblasts were subjected to hydroxyl-dynasore treatment for the indicated time points followed by p-RPS6KB1 immunoblot analyses for MTORC1 activity. Bar graph represents a quantitative analysis of relative protein levels of p-RPS6KB1 and p-AKT (Thr308). (E) Competitive inhibition of DNM2 with a dominant-negative form of DNM2 (DNM2K44A) reduced MTORC1 activity, whereas overexpression of the wild-type form increased MTORC1 signaling in HEK293T cells. An increasing LC3-II level, indicative of autophagy induction and buildup of autophagosomes, were observed in DNM2K44A-overexpressing cells. Bar graph represents the quantitative analyses of relative protein levels of p-RPS6KB1, LC3-I and LC3-II. (F) Pharmacological inhibition of the dynein motor protein, hence retrograde trafficking, with ciliobrevin A dissociates MTOR from lysosomal membranes. NIH-3T3 fibroblasts were treated with 100 μM of ciliobrevin A for 2 h followed by colocalization analyses of MTOR with lysosomal LAMP2 protein. Scale bar: 10 μm. Bar graph represents quantitative analyses of colocalization of MTOR and LAMP2 signals. (G) Competitive inhibition of RAB5 with a dominantnegative form of RAB5N133I reduced MTORC1 activity whereas the wild-type form increased MTORC1 signaling in HEK293T cells. Bar graph represents the quantitative analyses of relative protein levels of p-RPS6KB1. Inhibition of cellular endocytosis with hypertonic sucrose media and pharmacological inhibition of dynein motor proteins also inhibited MTORC1 signaling (see Figure S3 ). Data are represented as mean ± SEM, n = 3, p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ANOVA. 
TFEB-mediated endocytosis activates MTORC1 by coordinating the sorting of LYNUS components on endosomal membranes.
Starvation-induced inhibition of MTORC1 promotes nuclear TFEB activity (1) that triggers expression of endocytic genes driving random formation of endosomes that shuttle LYNUS components including active p-AKT and RRAG GTPases (2), en route to lysosomes to inhibit TSC2 (via AKT-mediated phosphorylation that targets TSC2) (3), tether MTORC1 (4) and eventually promote autophagy flux. Inhibition of endocytic trafficking in fibroblasts, with either dynasore or ciliobrevin A, consequently reduces the number of acidic vesicles indicated by LysoTracker Red fluorescence staining. Scale bar: 10 μm. Bar graphs in (B) represent the quantitative analysis of the LysoTracker Red fluorescence intensity and an average number of puncta per cell in both conditions. (C) Autophagy flux assay of HEK293T cells treated with DMSO and starved of amino acids for the indicated time points. Normal autophagy flux is indicated by the gradual decrease in the levels of LC3-II and SQSTM1 during starvation and their accumulation when the lysosomal function is inhibited by chloroquine. Bar graphs represent a quantitative analysis of the relative SQSTM1 and LC3 protein levels during starvation. (D) Autophagy flux was impaired in cells treated with either dynasore or ciliobrevin A. HEK293T Cells were preincubated with dynasore for 4 h or ciliobrevin A for 2 h prior to amino acid starvation for the indicated time points. Compared to controls (C), LC3-II protein levels did not decrease, but rather increased over time indicating an impaired autophagy flux due to lysosomal inhibition. Bar graphs represent a quantitative analysis of the relative SQSTM1 and LC3 protein levels during starvation. (E) Autophagic markers LC3 and SQSTM1 were decreased in cells overexpressing Flag-TFEB in an endocytic trafficking-dependent manner. Inhibition of dyneindependent trafficking with ciliobrevin A strongly increased LC3-II and SQSTM1 protein levels. Bar graphs represent a quantitative analysis of the relative SQSTM1, LC3 and Flag-TFEB protein levels during starvation. A significant change relative to the control at the time point 0 h is given. Treatment with dynasore or ciliobrevin A did not affect fusion of autophagosomes with lysosomes ( Figure S4 ). Data are represented as mean ± SEM, n = 6; ns denotes no significant difference, *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ANOVA.
